Selection of kochia (Kochia scoparia) biotypes resistant to the sulfonylurea herbicide chlorsulfuron has occurred through the continued use of this herbicide in monoculture cereal-growing areas in the United States. The apparent sulfonylurea resistance observed in kochia was confirmed in greenhouse tests. Fresh and dry weight accumulation in the resistant kochia was 2-to >350-fold higher in the presence of four sulfonylurea herbicides as compared to the susceptible biotype. Acetolactate synthase (ALS) activity isolated from sulfonylurea-resistant kochia was less sensitive to inhibition by three classes of ALS-inhibiting herbicides, sulfonylureas, imidazolinones, and sulfonanilides. The decrease in ALS sensitivity to inhibition (as measured by the ratio of resistant 150 to susceptible 150) was 5-to 28-fold, 2-to 6-fold, and 20-fold for sulfonylurea herbicides, imidazolinone herbicides, and a sulfonanilide herbicide, respectively. No differences were observed in the ALS-specific activities or the rates of ["4C]chlorsulfuron uptake, translocation, and metabolism between susceptible and resistant kochia biotypes. The Km values for pyruvate using ALS from susceptible and resistant kochia were 2.13 and 1.74 mm, respectively. Based on these results, the mechanism of sulfonylurea resistance in this kochia biotype is due solely to a less sulfonylurea-sensitive ALS enzyme.
The loss of effective control by pesticides of weeds, insects, and fungi because of resistance is a well known, established phenomenon (9) . Among weeds, triazine resistance was first reported in 1970 (27) . Subsequently, resistance to several other herbicides in addition to the triazines has occurred in weeds (2, 10) . The continued use of a single control agent is often a common feature in cases of resistance.
The sulfonylureas are highly active herbicides that have been in commercial use since 1982. The mode of action of the sulfonylurea (5, 20, 26) as well as the imidazolinone (30) and sulfonanilide (18) herbicides is the inhibition of ALS (see abbreviation list in Table I ) (also known as acetohydroxyacid synthase, EC 4.1.3.18), the first enzyme common to the biosynthesis of the branched-chain amino acids, Leu, Ile, and Val. Chlorsulfuron, a sulfonylurea herbicide used in cereals, is wheat (Triticum aestivum L.)-tolerant because the crop metabolizes the chlorsulfuron to nonphytotoxic products more quickly than susceptible weeds (32) . This differential selectivity based on metabolism is contrasted by selectivity due to differences in target site sensitivity as obtained by selection or production of sulfonylurea-resistant bacteria (20, 34) , yeast (7) , and plants (5, 12) . ALS isolated from these sulfonylurea-resistant organisms is less sensitive to inhibition by ALS inhibitors such as the sulfonylureas.
Kochia (Kochia scoparia [L.] Schrad.) is a major broadleaf weed in cereals (6) in the United States and Canada that is generally well controlled by chlorsulfuron. The singular use of chlorsulfuron or chlorsulfuron/metsulfuron methyl mixtures over several growing seasons has resulted in the selection of sulfonylurea-resistant biotypes of kochia (25) and prickly lettuce (Lactuca serriola L.) (22) in certain cereal-growing areas. In this paper, the mechanism by which kochia is resistant to the sulfonylurea and imidazolinone herbicides is described.
MATERIALS AND METHODS

Whole Plant Experiments Plant Materials
Kochia (Kochia scoparia [L.] Schrad.) seeds were collected from two sites near Liberal, KS, in October 1987. One site had been treated with chlorsulfuron (17.5 g ai/ha in April 1987; 87.5 g ai/ha from 1983 through 1987). The other site was a nearby untreated area. Seeds from the two collections were sown in plastic trays containing potting medium (Metro Mix 350) and germinated in a growth chamber (12 h GR50, the rate of herbicide application required to inhibit plant growth by 50% relative to untreated controls 150, herbicide concentration required for 50% inhibition of ALS activity lmazamethabenz, 6-4-isopropyl-4-methyl-5-oxo-2-imidazolin-2-yl)mtoluic acid and 2-4-isopropyl-4-methyl-5-oxo-2-imidazolin-2-yl)ptoluic acid (26) . The absorbance values used for 15o determinations were read on a microplate reader (Dynatech Laboratories, model MR600) equipped with a 530 nm filter. The I50 values were calculated using methods previously described (26) and were the average of at least three determinations. Specific activities of ALS and Km (pyruvate) values were calculated using A530 values obtained on a dual beam spectrophotometer. An extinction coefficient of 6.5 mM-' cm-' was used to quantitate the acetolactate formed (20) . The Km for pyruvate was determined by using the MLAB data modeling program (19) to fit the equation, v = VS/(K + S), to the data where v is the residual ALS activity, V is the maximal enzymic activity, K is the Michaelis constant for pyruvate, and S is the pyruvate concentration. Protein concentrations were determined by the method of Peterson (23) .
Metabolism Study Plant Treatment
Shoots were excised from 6-week-old greenhouse-grown susceptible and resistant kochia plants. Groups ofthree shoots Ofthe applied radioactivity absorbed, the percent translocated out of the treated leaf was calculated for each plant as: 2(dpm in plant sections other than treated leaf) 100. 2(dpm in plant sections including treated leaf)
RESULTS AND DISCUSSION
This work was preformed to determine the mechanism by which a certain biotype of kochia is resistant to the sulfonylurea herbicide, chlorsulfuron. Several laboratories have previously obtained sulfonylurea-resistant organisms by various techniques but this kochia biotype along with a prickly lettuce biotype (22, 25) represents the first instance of sulfonylurea resistance occurring as a result of commercial sulfonylurea herbicide use. Kochia not controlled by chlorsulfuron was isolated from a wheat field that had received five applications of chlorsulfuron over a 5 year period. This biotype was able to tolerate higher doses of cereal-tolerant (chlorsulfuron, metsulfuron methyl, and thifensulfuron methyl) and nonselective (sulfometuron methyl) sulfonylurea herbicides than the susceptible biotype (Table II) . The resistant biotype required greater than 350-fold postemergent rates of chlorsulfuron in greenhouse tests to suppress its growth as compared to the sensitive biotype when changes in dry and fresh weight were used as the criteria. The increase in resistance (as measured by the ratio of resistant to sensitive GRso values) was also very large for thifensulfuron methyl (>200-fold) but less for metsulfuron methyl (2-fold) and sulfometuron methyl (20-22-fold) . Estimates of growth reduction by visual methods showed chlorsulfuron-resistant kochia to be cross-resistant to other sulfonylurea and imidazolinone herbicides whereas herbicides with modes of action different for ALS inhibition controlled the two biotypes with equal efficacy (25) .
The sulfonylurea resistance was due to a change in the (Tables II and III) . However, the relative -susceptible and -resistant kochia. The percentage of increase in resistance at the whole plant level was not always Dactivity taken up was determined by combustion and reflected by a quantitative increase in enzyme insensitivity to LSC analysis after an 80% acetone (v/v) rinse of the treated leaf. Of the radioactivity taken up, the percent translocated out of the treated leaf was determined by combustion and LSC analysis of the rinsed treated leaf and the remaining plant sections. sensitivity of the ALS enzyme to inhibition by ALS-inhibiting herbicides (Table III) , including sulfonylureas (Fig. 1) , imidazolinones, and sulfonanilides (Fig. 2) . The inhibition of ALS activity isolated from susceptible and resistant kochia by chlorsulfuron is shown in Figure 3 . At the highest concentration of 2.8 AM chlorsulfuron, the ALS activity from the susceptible biotype was completely inhibited whereas the ALS from the resistant kochia still retained 29% of the uninhibited control activity. The I50 values for chlorsulfuron with the susceptible and resistant ALS enzymes were 22 and 400 nM, respectively (Table III) . The ALS from the resistant biotype was inhibited less effectively than the susceptible ALS by every sulfonylurea and sulfonanilide herbicide studied as evidenced by the higher 150 values (Table III) Several diverse structural types of sulfonylurea herbicides were represented in these tests (Fig. 1 ). Included were cerealtolerant (chlorsulfuron, metsulfuron methyl, thifensulfuron methyl, triasulfuron), soybean-tolerant (chlorimuron ethyl), and nonselective (sulfometuron methyl) sulfonylurea herbicides. In addition, a different chemical class of ALS inhibitor as represented by 2,6-dichlorosulfonanilide (18) (Fig. 2) was [PYRUVATE], mM Figure 6 . Effect of pyruvate concentration on ALS activity isolated from sulfonylurea-susceptible and -resistant kochia. Velocities were normalized to the respective maximal enzymic velocity for each enzyme. The equation, v = VS/(K + S), was fit to the composite susceptible and resistant kochia ALS data as well as the individual data sets using the MLAB data modeling program (15) . Km values for pyruvate using the individual results for susceptible and resistant ALS were 2.13 ± 0.19 and 1.74 ± 0.26 mm, respectively. Assays were performed as described in "Materials and Methods" except that the pyruvate concentrations were varied from 0.074 to 22 mm for the Km determination (plotted) and 0.074 to 278 mm for the V determination. inhibition. A possible reason for the variation is that plant injury due to ALS-inhibiting herbicides is time-and environment-dependent and the degree of plant injury observed is therefore a function of when and under what conditions the evaluation is made. Also, the dose-response relationship is not linear for either plant-growth inhibition (data not shown) or ALS inhibition (Fig. 3) , and this could contribute to the lack of quantitative correlation between the two parameters. Other mechanisms were investigated for their possible role in contributing to resistance. The metabolism of ['4C] chlorsulfuron by susceptible and resistant kochia was very similar up to 21 h (Fig. 4) . Not only were the rates similar but neither biotype metabolized chlorsulfuron to any appreciable extent during the experiment. In a previous study (32) , chlorsulfuron was metabolized with a half-life of 2 to 3 h to nonphytotoxic products by wheat which is chlorsulfuron tolerant. ALS isolated from wheat and chlorsulfuron-susceptible weeds have similar Io values for chlorsulfuron (26) . Metabolism of chlorsulfuron by wheat was included as a control in this study to demonstrate that the metabolism rate required for chlorsulfuron tolerance in wheat was not approached by either biotype of kochia (Fig. 4) . The rapid metabolism of chlorsulfuron in wheat was apparent by the partial metabolism that took place during the uptake period. That is, at time = 0 h (2 h after the beginning of uptake), 35% (65% intact) of the chlorsulfuron had been metabolized. From these results, metabolism does not appear to contribute to chlorsulfuron resistance in kochia.
Possible differences in the uptake and translocation rates of (Fig. 6) . These results are of the same magnitude to previously reported results for the plant enzyme (14) and suggest that the mutation(s) resulting in sulfonylurea resistance has not affected pyruvate binding and possibly catalysis.
It is interesting to contrast these results with those from triazine-resistant plants. An amino acid substitution in the binding domain of the 32 kD quinone binding protein (Qb) of PSII because of a mutation in the chloroplast psbA gene (16) results in both a decreased affinity of the Qb protein for triazine herbicides and a decreased rate of electron transfer from the primary electron acceptor of PSII to the secondary acceptor (1, 4) . The resistance mutation is translated into a decreased plant yield (31) and is suggested to be responsible for the fitness difference observed between triazine-susceptible and -resistant plants (1, 17) . The fitness difference between sulfonylurea-susceptible and -resistant kochia is currently unknown; however, the similarity in the Km (pyruvate) and ALS specific activity results for the two biotypes suggests that any fitness differences observed will be less than that seen for triazine-susceptible and -resistant biotypes. The observed sulfonylurea resistance could occur from a single amino acid change in the ALS molecule. Sulfonylurearesistant mutants of Salmonella typhimurium (20) , Saccharomyces cerevisiae (7), Nicotiana tabacum (5), Escherichia coli (34), Arabidopsis thaliana (13), Chlamydomonas reinhardtii (l1), Datura innoxia (28) , and Synechococcus (8) produce ALS with decreased sensitivity to inhibition by sulfonylurea herbicides. Single nucleotide substitutions in the ALS structural gene(s) that confer resistance have been identified in E. coli (34), S. cerevisiae (7) , and N. tabacum (21) . Interestingly, mutants of C. reinhardtii (33) and D. innoxia (28) selected for chlorsulfuron resistance have cross-resistance (as determined by the ratio of resistant to susceptible ALS 15o values) to the imidazolinone herbicide similar to the results observed in this study using ALS isolated from susceptible and resistant kochia. While it is currently unknown whether a single nucleotide change in the kochia ALS gene results in sulfonylurea resistance, the model studies with the organisms noted indicate that single nucleotide changes in the ALS gene can confer resistance and that cross resistance to structurally unrelated ALS inhibitors is possible.
Mechanisms of resistance other than changes in target site sensitivity may also result in weeds being resistant to sulfonylurea herbicides. A diclofop-methyl-resistant biotype of annual ryegrass (Lolium rigidum Gaud.) is cross resistant to metsulfuron methyl and chlorsulfuron (15) . However, this biotype has ALS activity with the same sensitivity to ALSinhibiting herbicides as ALS from the susceptible biotype (24) suggesting that a more general resistance mechanism is operating in ryegrass such as metabolism of the herbicide to nonphytotoxic products. This type of mechanism could explain the cross resistance observed to herbicides with completely different modes of action.
The results of this study indicate that the decreased sensitivity of ALS from resistant kochia to inhibition by ALSinhibiting herbicides accounts for the decreased response at the whole plant level. This conclusion is supported by the results that show no significant differences in chlorsulfuron metabolism, uptake, translocation, Km (pyruvate), or in ALS expression between the susceptible and resistant kochia biotypes.
